Sm-Nd studies were carried out on Last Glacial and Holocene sediments from the Labrador Sea. Three grain-size fractions were analyzed for each sediment: the clay-size fraction (<2 µm), the fine cohesive silts (2-10 µm) and the coarse silts (10-63 µm). In most cases, Sm-Nd signatures are different from one grain-size to another. In addition, different Sm-Nd signatures are derived from the clay-size fractions compared to the cohesive silt fraction, indicating that the cohesive fraction is heterogeneous and that distinct origins in terms of source-areas are implied. Silt fractions record the influence of supplies from the North American Precambrian Shield, whereas clay-size fractions (<2 µm) are more sensitive to sedimentary input from the Eastern Basins, in relation with deep currents. Coupling Sm-Nd studies on silt and clay fractions may be a powerful tool to unravel the evolution of deep circulations versus detrital supplies.
Introduction
Since the early work of Goldstein and O'Nions (1981) , Nd isotopes have been extensively used as a natural tracer of the sources of deep-sea sediments. Several studies have been done on surface sediments from the Pacific (Jones et al., 1994) , Indian (Dia et al., 1992; Vroon et al., 1995) and Atlantic (White et al., 1985; White and Dupré, 1986; Grousset et al., 1988; Innocent et al., 1997) oceans. In addition, during the last decade, past deepsea sediments have been increasingly investigated in order to reconstruct the evolution of sedimentary supplies through time, in connection with deep current and climate changes (Grousset et al., 1993; Fagel et al., 1994 Fagel et al., , 1997a Revel et al., 1996a; Innocent et al., 1997; Winter et al., 1997; Fagel et al., 1999) .
Nd isotopes probably constitute the best long-period, radiogenic isotopic system to identify the sources of deepsea sediments. Sr isotopic signatures may be dramatically biased due to the presence of seawater Sr resulting from the long residence time of this element in seawater (Fagel et al., 1997a) . Pb isotopes are generally affected (at least in the case of surface sediments) by the huge input of anthropogenic industrial lead. Recently, Innocent et al. (1997) and Fagel et al. (1999) attempted to overcome this lack of isotopic tracers by coupling the Nd isotopic ratios and the Sm/Nd ratios in order to trace the different sediment sources in an ocean area where more than two end-members are involved. This naturally requires that Sm and Nd do not fractionate significantly after deposition.
The information provided by deep-sea sediments are complementary to metalliferrous materials, such as Fe-Mn nodules. While nodules are considered to "freeze" the past seawater Nd isotopic composition (as they precipitate from seawater), sediments constitute a tracer of sedimentary inputs through time, in relation with the deep currents. However, the choice of size parameters is a matter of debate. Revel et al. (1996b) chose to work on the 10-63 µm fraction, since coarser, >63 µm fractions are unlikely to be transported by deep currents, and finer particles (<10µm) behave cohesively in the seawater and cannot be winnowed by deep currents after deposition (e.g. Mc Cave et al., 1995) . In contrast, Fagel et al. (1994) have worked on the clay-size (<2 µm) fraction. Claysize particles may also be transported by deep currents, then deposited when the current strength decreases, but they are not further winnowed due to their cohesive behavior. Subsequent papers (Revel et al., 1996a; Innocent et al., 1997) have demonstrated that both approaches are adequate to trace the deep circulations. Following the paper of Mc Lennan et al. (1989) , attempts have been made to check whether the same isotopic signature is provided from one fraction to another. Revel et al. (1996b) have demonstrated on a Sr-Nd data set of sediments from the Gardar Drift (Northeastern North Atlantic Ocean) that different size fractions do provide different SrNd isotopic compositions, reflecting the relative input of the materials derived from the two possible sediment sources (Iceland volcanism and European continental crust).
In this paper, the Sm-Nd isotopic signatures are first investigated in different granulometric fractions of deep-sea sediments: the clay-size fraction, the cohesive silt fraction and the non-cohesive silt fraction. Then, in the light of the information derived from each granulometric fraction, a standard technique for deep-sea sediments analysis is proposed.
Analytical techniques

Sampling and choice of the size parameters
The Last Glacial and Holocene sediments were sampled from a piston core (90-013-013, further referred as PC 13 in the text) collected in the Labrador Sea during the CSS Hudson cruise 1990. PC 13 was taken from the SW Greenland Rise at the inlet of the Western Boundary Undercurrent (WBUC) gyre (Fig. 1) , and the sediments are presently bathed by the cold Denmark Strait Overflow Water . This core has been extensively studied (sedimentology, AMS 14 C dating, oxygen isotope stratigraphy, fauna and flora assemblages, mineralogy, magnetic parameters, 230 Th excess, etc.) and is subsequently particularly well known.
A high-resolution Sm-Nd study on the clay-size fraction of sediments from PC 13, ranging in age from 8.6 to 26.1 kyr, has been achieved . Six of these sediments were chosen for the grain-size investigations: the clay-size, <2 µm fraction, and two coarser (2-10 and 10-63 µm) fractions were analyzed for Sm-Nd. Both the clay-size and the fine silt (2-10 µm) fractions behave cohesively in the seawater but, as the fine, <10 µm fraction includes both fine silt and clay-size fractions, there is no reason for the cohesive fraction to be a priori homogeneous. Moreover, it should be recalled that the clay-size fraction may be independently and precisely characterized by its mineralogy, and that valuable information on the origin of deep-sea sediments are subsequently derived from clay mineralogy (e.g. Biscaye, 1965; Grousset and Chesselet, 1986; Fagel et al., 1997b) , which is not the case for silt fractions.
Decalcification treatment
Most of the Nd studies of deep-sea sediments include a decalcification treatment in order to remove biogenic carbonates. Some recent studies involve a 1 N HCl treatment (Revel et al., 1996a) , although it has been demonstrated that 1 N HCl leaching of clay fractions induces an important removal of REE (e.g. Clauer et al., 1993) . Other decarbonation procedures are carried out using more dilute hydrochloric acid in order to avoid the alteration of clay minerals: 0.2 N (Fagel et al., 1994) , or even 0.05 N in a continental environment (Toulkeridis et al., 1994) . Leaching experiments on surface sediments of the northern North Atlantic Ocean have demonstrated that decalcification using 0.1 N HCl did not result in any clear shift in either Sm/Nd and Nd isotopic ratios. In contrast, 1 N HCl leaching drastically affects the Sm-Nd signature. One-third to half of both REE may be removed, producing Sm/Nd and Nd isotopic ratios that are clearly lower in the residues.
Samples were thus decalcified in 0.1 N HCl and the excess acid removed by repeated washings in deionized water and centrifugation. The clay-size fraction was separated after settling according to Stake's law (Fagel et al., 1997b) .
Isotope geochemistry
The analytical techniques are identical to those of Innocent et al. (1997) . Briefly, samples were spiked with a mixed Sm-Nd spike. After acid dissolution, and chemical separation, Sm and Nd were run on a Sector 54 mass spectrometer. Repeated analyses of La Jolla Nd standard gave an average value of 0.511849 ± 12 (2σ standard deviation on 21 analyses). Sm-Nd data, including the depth of each sediment with corresponding AMS 14 C and calibrated ages, are reported in Table 1 . Cartney (1992) , Schmitz and Mc Cartney (1993) , Dickson and Brown (1994) , Lucotte and Hillaire-Marcel (1994) Innocent et al. (1997) . The accuracy of the Sm/Nd ratios is better than 2%. In spite of its huge uncertainty due to analytical problems, the Nd isotopic data of sample 529-530 (10-63 µm) has been reported, as its Nd isotopic ratio remains "reasonable" considering the whole data set. However, this isotopic ratio should be only considered as a "reference value". Ages reported for each sample depth were all estimated by direct linear interpolation of available AMS 14 C ages, assuming a constant sedimentation rate. These ages have been further calibrated using the curve of Stoner et al. (1998) . AMS C ages of this core are normalized to PDB and corrected by -400 years for reservoir effect. They are available in Hillaire-Marcel et al. (1994) 
Fig. 1. Geographic map of the northern North Atlantic, showing the PC 13 coring site, major surface and deep current trajectories modified from Mc
Results and discussion
Evidence of Sm-Nd fractionation from one grain-size to another
There is a clear variation of Sm and Nd concentrations according to grain-size (Table 1) . In all but one sample (356-357 for which the clay fraction displays the highest Sm and Nd contents), the coarse silt fraction is slightly depleted in both REE compared to the two finer fractions. In addition, a slight but significant shift of 147 Sm/ 144 Nd ratios is exhibited in four samples (it is much less clear in the 497-498 and 309-310 samples), the clay fraction having the lowest 147 Sm/ 144 Nd ratios. However, these variations do not seem to correlate directly with REE contents.
The Nd isotopic signatures are also clearly different from one grain-size to another (Table 1) . The most significant shifts occur in the three shallowest sediments (younger than 10.3 kyr), where the finest fractions (<2 µm) display systematically more radiogenic Nd ratios than the coarsest fractions (10-63 µm) (Fig. 2) . The fine silt fractions (2-10 µm) have isotopic ratios close to either the corresponding finest or coarsest fractions, at least for the four youngest samples (Table 1) . In contrast, similar Nd isotopic signatures between coarse silts and clay fractions are recorded in the two oldest, Last Glacial samples. In both cases, cohesive silts seem to be more radiogenic (Table 1) , but it should be noticed that the variations are very slight. Such results are sufficient to state that the different grain-size fractions record different sedimentary processes, as previously demonstrated by Mc Lennan et al. (1989) , and Revel et al. (1996b) in other sites. [529] [530] 10 µm to 63 µm).
Fig. 2. Nd isotopic compositions versus calibrated ages for the PC 13 samples. Nd isotopic compositions of the Last Glacial sediments (older than 20 kyr) cluster around 0.5116-0.5117, whatever the grain size. In contrast, clay-size fractions of post-glacial sediments provide higher Nd isotopic compositions compared to the corresponding coarser fractions. Error bars are not bigger than the symbols (except for sample
The different sedimentary sources
In the three oldest sediments, Nd isotopic compositions of each grain size follow a similar trend of evolution through time (Figs. 2 and 3) . The highest Nd isotopic ratios, together with the youngest model ages are measured in sample 360-361 (10.3 kyr). Then, coarse silts and clays are influenced by clearly distinct sedimentary supplies: non-cohesive silts undergo a enhanced "old" sedimentary input, as indicated by lower Nd isotopic ratios and older Nd model ages. This old sediment source is not evidenced in the clay-size fractions, for which Nd isotopic signatures are very similar in the three samples (Figs. 2 and 3) , the cohesive silt fraction displaying once again "intermediate" characteristics. Three main source-areas are considered to be involved to account for the Sm-Nd signature of the deep-sea sediments of the northern North Atlantic Ocean (Revel et al., 1996a,b; Innocent et al., 1997; Fagel et al., 1999) . These are: the Phanerozoic crust of western Europe; the mantle-derived Mid-Atlantic volcanism; and the Precambrian North American Shield. Fig. 4 suggests that the 18 samples of this data set might be modeled as a three end-member mixing between these three sediment sources. The fact that the cohesive silt fraction of sample 309-310 plots slightly off the mixing triangle may be attributed to the uncertainty on the characteristics of each end-member (Fig. 4) .
The Late Glacial samples (26.1 and 22.4 kyr) show only slight variations between the silt fractions and the claysize fraction. This indicates that these sediments originate from the same sources, with comparable respective contributions whatever the grain size fraction. Furthermore, Sm-Nd signatures of 26.1 and 22.4 kyr samples are very similar. This suggests that sedimentary input has remained very stable during the last glaciation, or at least during its final stage (Last Glacial Maximum). Considering that Sm-Nd signatures are similar in the different size fractions, it would be tempting to conclude that they originate from the same area. In this case, this would involve a dominant, non-sorting agent transport. The high amount of coarse (>125 µm) material in these two glacial sediments agrees with this hypothesis. Supplies from the North American Shield are dominant, although the two finest fractions have slightly younger Nd model ages (Table 1 and Fig. 3 ). This agrees with mineralogical (Fagel et al., 1997b) and geochemical (Innocent et al., 1997; Fagel et al., 1999) evidences that the WBUC outflow (Fig. 1) was present but strongly reduced during the Last Glacial Maximum. triangles: 9.6 kyr samples, circles: 10.2 kyr samples, diamonds: 10.3 kyr samples, squares: 22.4 kyr samples, pentagons: 26.1 kyr samples (see zoom diagram, downwards) . Error bars are not bigger than the symbols in the zoom diagram (downwards), except for sample 529-530, 10-63 µm. The end-members defined in Fagel et al. (1999) (Innocent et al., 1997) and previously published data (Revel et al., 1996a and references therein) The analyzed post-glacial samples range from 10.3 to 9.3 kyr, i.e. after the Younger Dryas cooling event. All the samples are shifted towards the Mid-Atlantic Volcanism end-member, whatever the grain-size, indicating enhanced sedimentary input from the eastern Iceland and Irminger Basins after the Younger Dryas. The influence of Mid-Atlantic Volcanism is best marked at 10.3 kyr, in agreement with the changes in WBUC strength (Fagel et al., 1997b) . In all samples, the clay-size fractions are strongly shifted towards the "young crust" end-member (Fig. 4) , whereas non-cohesive silt fractions are influenced by "old" supplies originating from the North American Shield. As coarser fractions do not have apparently the same origin, one may consider that a sorting transport agent is involved. The simplest explanation would call for a transport by bottom waters from the Greenland Sea to the Labrador Sea through the Denmark Strait (Innocent et al., 1997) . Moreover, it is striking that no further influence of "old" Nd can be evidenced in the clay-size fraction of sample 309-310 (9.3 kyr), compared to other post-glacial sediments. During this period, a massive discharge event, probably resulting from the collapse of the Hudson Bay ice dome Andrews et al., 1995) , provided massive sediment supplies from the North American Shield, as it is recorded in both silt fractions (either cohesive or not) of sample 309-310 (Figs. 2-4) .
Concluding remarks
In the light of this study, it appears that Sm-Nd studies on clay-size and silts fractions are complementary. The cohesive fraction of deep-sea sediments is clearly heterogeneous, and their respective origin may be completely different. If the Sm-Nd signatures are different from one grain-size to another, distinct information may be derived. Clay-size fractions appear to constitute the best tracer of sedimentary supplies transported by deep currents. The coupled analysis of different size fractions may also help to draw preliminary conclusions on the transport agent. This may allow to trace simultaneously both the evolution of deep circulation patterns through time and of detrital supplies deriving from nearby outcropping terranes.
